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Soft gamma repeaters and anomalous X-ray pulsars are thought to be magnetars, neutron stars
with strong magnetic fields of order ∼1013–1015 gauss. These objects emit intermittent bursts of
hard X-rays and soft gamma rays. Quasiperiodic oscillations in the X-ray tails of giant flares imply
the existence of neutron star oscillation modes which could emit gravitational waves powered by the
magnetar’s magnetic energy reservoir. We describe a method to search for transient gravitational-
wave signals associated with magnetar bursts with durations of 10s to 1000s of seconds. The
sensitivity of this method is estimated by adding simulated waveforms to data from the sixth science
run of Laser Interferometer Gravitational-wave Observatory (LIGO). We find a search sensitivity in
terms of the root sum square strain amplitude of hrss = 1.3× 10−21Hz−1/2 for a half sine-Gaussian
waveform with a central frequency f0 = 150Hz and a characteristic time τ = 400 s. This corresponds
to a gravitational wave energy of EGW = 4.3 × 1046 erg, the same order of magnitude as the 2004
giant flare which had an estimated electromagnetic energy of EEM = ∼1.7 × 1046(d/8.7 kpc)2 erg,
where d is the distance to SGR 1806-20. We present an extrapolation of these results to Advanced
LIGO, estimating a sensitivity to a gravitational wave energy of EGW = 3.2×1043 erg for a magnetar
at a distance of 1.6 kpc. These results suggest this search method can probe significantly below the
energy budgets for magnetar burst emission mechanisms such as crust cracking and hydrodynamic
deformation.
I. INTRODUCTION
Laser Interferometer Gravitational-wave Observatory
(LIGO) made the first direct detection of gravitational
waves (GWs) from a merger of two black holes on Septem-
ber 14, 2015 [1]. GWs from a second black hole merger
were detected on December 26, 2015 [2]. As more data is
collected, searches will continue to be conducted for addi-
tional sources that might emit GWs. One such potential
source of GWs could be magnetars.
Soft gamma repeaters (SGRs) and anomalous X-ray
pulsars (AXPs), astronomical objects that emit inter-
mittent bursts of soft gamma rays and hard X-rays, are
thought to be magnetars, neutron stars with very strong
magnetic fields estimated to be of order ∼1013–1015 gauss
[3, 4]. The higher end of this range is ∼1000 times
stronger than the estimated magnetic fields in normal
pulsars typically of order ∼1012 gauss [5, 6]. A magne-
tar’s magnetic field powers the electromagnetic bursts
and quiescent emissions from these objects [4, 5, 7]. The
photon energies of hard X-rays and soft gamma rays in
magnetar bursts range from above 10 keV [5] to hundreds
of keV [7]. Magnetar bursts could emit GWs at frequen-
cies of interest (tens of hertz to kilohertz) to ground-
based GW observatories by exciting nonradial modes
such as f-modes, torsional modes and Alfv´en modes [8–
10].
There have been several previous searches for GWs as-
sociated with magnetar bursts. One search targeted GWs
emitted at the frequencies of modulations observed in the
X-ray tail of the 2004 giant flare known as quasiperiodic
oscillations (QPOs) [11]. Three searches were sensitive
to f-modes. The first search was performed on data from
the 2004 giant flare and on 190 burst events from the
first year of LIGO’s fifth science run (S5) [12]. The sec-
ond search used a new method of stacking bursts [13]
applied on data from the March 29, 2006 SGR 1900+14
storm [14]. The third search was performed on data from
the second year of S5, Virgo’s first science run (VSR1),
and the LIGO and GEO astrowatch period (A5) follow-
ing S5 [8]. In this paper, we describe a search pipeline
for GW signals from magnetar bursts which extends the
LIGO/Virgo searches to signals incorporating a wider
range of signal morphologies [15]. We demonstrate the
sensitivity of this search method using real data from
LIGO’s sixth science run (S6) and use this result to pre-
dict the sensitivity of this methodology for Advanced
LIGO (aLIGO) [16].
The remainder of this paper is organized as follows.
In Sec. II, we discuss different mechanisms for magnetar
bursts and giant flares that can lead to the emission of
gravitational radiation. In Sec. III, we develop the search
method. We describe how the search sensitivity and the
significance of an event are estimated. Then, in Sec. IV,
we study the sensitivity of the search for various simu-
lated GW signals. We compare the estimated search sen-
sitivity to different astrophysical parameters. In Sec. V,
we conclude by summarizing prospects for GW observa-
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2tions from magnetar bursts and giant flares.
II. MAGNETAR BURSTS AND
GRAVITATIONAL WAVES
Magnetar bursts are often grouped into three types:
short bursts lasting ∼0.1–1 s with isotropic energies up
to 1041 erg, intermediate bursts lasting ∼1–40 s with
isotropic energies of 1041–1043 erg, and giant flares last-
ing hundreds of seconds with isotropic energies of 1044–
1046 erg [7]. In this paper we will show that at aLIGO
design sensitivity [17], a GW from a magnetar burst at
a distance of order ∼1 kpc could be detectable with an
energy of order ∼1043 erg.
Short and intermediate bursts have been observed from
both SGRs and AXPs [7]. Three giant flares have been
observed from SGRs: the first on March 5, 1979, from
SGR 0526-66, the second on August 27, 1998, from SGR
1900+14, and the third on December 27, 2004, from SGR
1806-20 [5]. For reviews of magnetars, see referenced ar-
ticles on the observational properties of magnetars [5],
the physics behind observations of magnetars [7], and a
more recent review of observational properties of magne-
tars and possible formation models [4].
Giant flares are characterized by an initial spike with
luminosities up to 1047 erg/s lasting less than a second,
followed by an afterglow lasting several hundred seconds
modulated by the rotation period of the neutron star [7].
Higher frequency modulations known as quasiperiodic os-
cillations (QPOs) have been observed in the X-ray tails
of giant flares (see FIG. 1) [5]; they were first discovered
in the tail of the giant flare from SGR 1806-20 [18]. Two
more recent analyses revealed the possible existence of
QPOs in some short burst events, showing that QPOs
may not be limited to giant flares [10, 19].
Potential causes of QPOs include torsional modes and
Alfvén modes, both of which have low frequencies that
are hypothesized to be related to QPOs due to the over-
lap in frequencies [9, 10, 18, 20–22]. If either of these
modes is responsible for QPOs, they might emit GWs
for longer durations than the visible QPOs in the elec-
tromagnetic spectrum [22]. Some QPOs have been ob-
served lasting hundreds of seconds (see FIG. 1), which
could translate to GWs with durations of hundreds to
thousands of seconds [20, 22]. If the GW lasts as long
as the observed QPO, then the duration could be tens to
hundreds of seconds. K. Glampedakis and D. I. Jones [22]
speculate a wide range of duration for Alfvén modes that
can accommodate observed durations of QPOs. They
also suggest that Alfvén mode frequencies may evolve
over time by increasing in frequency [22].
Multiple mechanisms have been put forth as possible
causes of magnetar bursts and giant flares. These in-
clude magnetic reconnection, crust cracking and hydro-
dynamic deformation. Magnetic reconnection can occur
when the magnetic field reaches an unstable configura-
tion [23]. In the crust cracking scenario, the decay of
FIG. 1: Time series of data of the 2004 giant flare from SGR
1806-20. Initial peak followed by X-ray tail. Large modula-
tions in the tail are due to the magnetar rotation. Solid and
dashed lines indicate detection of QPOs at different phases
of the rotation. Figure c© AAS. Reproduced with permission
from Ref [20].
the interior magnetic field builds up stress in the crust
until it breaks. The crust then moves by rapid plastic
deformation and twists the external magnetic field lines,
injecting energy into the magnetosphere [7]. This can
also cause magnetic reconnections depending on the con-
figurations of the evolving magnetic field lines. In the
case of hydrodynamic deformation [24, 25], the magnetic
field in the core has a strong toroidal component which
makes the star’s shape more prolate. Jumps between
equilibrium configurations of the magnetic field release
gravitational potential energy to power the bursts by re-
ducing the toroidal component, making the the star less
prolate [24, 25].
Although the exact mechanisms behind bursts are un-
certain, as are their couplings to GWs, energy consid-
erations can be used to estimate the strength of possi-
ble GWs. Simulations by Horowitz and Kadau [26] sug-
gest that the breaking strain of the neutron star crust
is much stronger than previously thought, possibly gen-
erating energies up to ∼1046 erg, enough to power the
observed giant flares [25]. Energies up to 1049–1050 erg
may be generated if the neutron star (or just the core) is
made up of solid quark matter [25]. Hydrodynamic de-
formation could generate energies up to ∼1049 erg [25].
For sources in the distance range of known magnetars of
1.6–62.4 kpc [27], both crust cracking and hydrodynamic
deformation could provide sufficient energy to generate
GWs with amplitudes comparable to the current sensi-
tivities of ground-based gravitational wave observatories.
Since the exact astrophysical mechanisms behind mag-
netar bursts are unknown, a search method sensitive to
a wide variety of possible signals is needed. Further-
more, observations of magnetar burst afterglows, specifi-
cally QPOs, motivate a search method which is sensitive
3to long-duration, narrowband transient signals, including
nearly monochromatic signals. Levin and van Hoven [9]
compute an estimate which finds that f-modes may be
less excited than torsional modes, giving additional mo-
tivation to search for GWs at QPO frequencies. Previous
searches for GWs from magnetars focused on short du-
ration signals of the order 100 ms emitted from f-modes
[8]. A search for long-duration transient GWs associated
with the 2004 giant flare was performed using the ob-
served frequencies and durations of QPOs in the giant
flare’s afterglow [11]. The search calculated excess power
in bands of order ∼10 Hz around the QPO frequencies
for durations up to 350 s [11]. This search method dif-
fers from the short duration searches by looking for long-
duration transient GW signals, and differs from the 2004
giant flare GW search because it does not require a spe-
cific search frequency, makes no assumptions regarding
the frequency content, and is sensitive to other signal
models (long-duration transient monotonic narrowband
signals that can increase or decrease in frequency [28]).
III. METHOD
Electromagnetic observations provide times and sky
locations of magnetar burst events. Since the existing
models do not predict the details of GWs, we search for
unmodelled GW signals by looking for correlated pat-
terns in the data of two (or more) detectors after ac-
counting for time delays and detector responses consis-
tent with a given sky location. Data is transformed into
spectrograms or time-frequency maps (tf-maps) to look
for excess power in time-frequency pixels (tf-pixels). A
targeted search such as this is more sensitive than an all-
time, all-sky search because the inclusion of time and sky
position reduces the probability that random noise fluc-
tuations and instrumental artifacts will conspire to pro-
duce a false detection. While the waveforms of the GWs
are unknown, we assume GWs with behavior similar to
that of the QPOs when assessing the search sensitivity.
Several pipelines could be used to search for GW sig-
nals associated with QPOs. The excess power method
used in Ref [11] and later extended using a multi-trigger
concept and the ability to combine data from multiple de-
tectors and tested on Gaussian data and S5 playground
data [29] is one possibility. Other methods currently
used to search for different GW signals which could be
adapted for this source include machine learning algo-
rithms used in a sensitivity study on r-modes in newborn
neutron stars [30] and a flexible cross-correlation method
[31] which has been tuned for intermediate duration GW
signals [32].
We utilize the Stochastic Transient Analysis Multi-
detector Pipeline (STAMP) [33] to develop a search for
GWs from magnetar bursts. STAMP was previously used
to search for long-lived GW transients coincident with
long gamma-ray bursts [34] and in an all-sky search for
long-duration GW transients [35].
A. Search Pipeline: STAMP
STAMP calculates an estimator Yˆ of the cross-power
of two detectors for sky direction Ωˆ in a single tf-pixel
starting at time t for duration δt at frequency f with
frequency resolution δf given by [33]
Yˆ (t; f, Ωˆ) ≡ Re
[
2Q˜IJ(t; f, Ωˆ)s˜
∗
I(t; f)s˜J(t; f)
]
, (3.1)
where Q˜IJ(t; f, Ωˆ) is a sky-position-dependent time-
frequency filter function that accounts for the source
sky location, polarization and the detector antenna re-
sponses. s˜I(t; f) denotes the short-term Fourier trans-
form over δt of the power series sI(t; f) for detector I
for the pixel starting at time t and frequency f . For an
unpolarized source, the filter function can be expressed
as [33]
Q˜IJ(t; f, Ωˆ) =
e2piifΩˆ·∆
−→x IJ/c
1
2
∑
A F
A
I (t; Ωˆ)F
A
J (t; Ωˆ)
, (3.2)
where I and J refer to the detectors, FAI (t; Ωˆ) is the an-
tenna response [36] for detector I and ∆−→x IJ ≡ −→x I−−→x J
is the difference in position vectors of the detectors. A is
summed over plus (+) and cross (×) GW polarizations.
An estimator for the variance of Yˆ is [33] given by
σˆ2Y (t; f, Ωˆ) =
1
2
|Q˜IJ(t; f, Ωˆ)|2P adjI (t; f)P adjJ (t; f) , (3.3)
where P adjI (t; f) is the one-sided auto-power spectrum of
the Ith detector averaged over neighboring pixels.
A tf-map is created in which each pixel has a value
calculated from this statistic. The signal to noise ratio
(SNR) from STAMP for a single pixel is then defined as
[33]
SNR(t; f, Ωˆ) ≡ Yˆ (t; f, Ωˆ)
σˆY (t; f, Ωˆ)
. (3.4)
After the filter function is applied to the tf-map, pixels
are grouped into clusters and analyzed to search for pos-
sible signals. Clusters are groups of pixels for which a
combined SNR is calculated when searching for a poten-
tial signal. For this method, we use stochtrack, a seedless
clustering algorithm looking for long-duration transient
narrowband monotonic signals [28]. Many clustering al-
gorithms generate clusters using seeds, pixels with an
SNR above a given threshold. A long-duration transient
GW produces less excess power in an individual pixel
than a short burst of the same total energy, making it
less likely to produce seed pixels to form a cluster for
a seed-based clustering algorithm to make a statistically
significant detection [28]. Stochtrack was created with
this in mind and was found to significantly improve sen-
sitivity to these signals in comparison to two seeded clus-
tering algorithms [28].
4Stochtrack uses quadratic Bézier curves to trace tracks
through the tf-map which group pixels into clusters
[28]. Stochtrack then finds the loudest cluster. The
randomly generated curves persist for a minimum time
tmin and are generated with three time-frequency points:
P0(tstart, fstart), P1(tmid, fmid) and P2(tend, fend). These
points are used to form a quadratic Bézier curve param-
eterized by ξ = [0, 1] [28]:(
t(ξ)
f(ξ)
)
= (1− ξ)2P0 + 2(1− ξ)ξP1 + ξ2P2 . (3.5)
It should be noted the quadratic Bézier curve is an ap-
proximate fit to an arbitrary monotonic curve, and that
it may be a poor fit for broadband or non-monotonic
signals [28].
In a previous study [28], 2×107 clusters were found to
provide remarkable sensitivity. The computational time
was found to increase linearly with the number of trials
[28]. We increased the number of clusters used to 3×107,
which maintained a decent SNR sensitivity on the map
size we used, while still having a reasonable computation
time.
The single-pixel SNR can be generalized to calculate
the SNR of a cluster of N pixels which form a set of
pixels, Γ [33]:
SNRΓ(Ωˆ) =
∣∣∣∣∣
∑
t;f∈Γ SNR(t; f, Ωˆ)√
N
∣∣∣∣∣ . (3.6)
(3.6) is based on the multi-pixel statistic derived in
Ref [33], but uses a different normalization based on the
number of pixels in the cluster. When the Bézier curve
defining the cluster goes through multiple tf-pixels oc-
curring during the same time segment t+ δt, the SNR of
each pixel is weighted by the fraction of the pixel time
duration (δt) that the curve is in the pixel.
We take the absolute value in (3.6) because at certain
sky positions, some polarizations interacting with the un-
polarized filter function produce negative SNR. At some
sky positions, the plus or cross GW polarizations are anti-
correlated in the two detectors due to the slightly differ-
ent orientations of the detectors. When only one polar-
ization is anti-correlated, the cross-power switches from
positive to negative as the polarization changes, while
sign of the filter function stays the same. This means
some polarizations will produce negative SNR.
B. Data
We search for signals in GW data in an on-source win-
dow of [−2, 1600] s around the reported magnetar burst
time.1 The 2 s stretch preceding the trigger accounts for
1 STAMP’s implementation of 50% overlapping pixels adds 2 s to
the end of the on-source window, making the effective on-source
window [−2, 1602] s.
timing uncertainties from the satellites used for the elec-
tromagnetic observations, as well as the difference in time
recorded at the satellites and on Earth. The 1600 s fol-
lowing the trigger is based on two factors: 1) observations
that the longest afterglow from a giant flare was approx-
imately 400 s [5], and 2) the possibility that GW signals
associated with QPOs may last several times longer than
the observed QPOs in the electromagnetic afterglow of
the giant flares [20, 22]. To avoid artifacts, the data is
processed initially using a wider window of [-20, 1620] s.
We use 4 s×1 Hz tf-pixels to generate the tf-map for this
window as this is the minimum resolution for which we
can calculate such a large window due to computational
limits.
We use data from LIGO’s two detectors, LIGO Han-
ford Observatory (LHO) and LIGO Livingston Observa-
tory (LLO), during S6 to estimate the sensitivity of this
search method [37]. The search bandwidth considered
here is 40–2500 Hz. This is driven by the sensitive fre-
quency band of LIGO during S6. The lower frequency
bound comes from seismic noise while shot noise gradu-
ally limits sensitivity at higher frequencies (see FIG. 3).
This range accommodates the observed frequencies of
QPOs. The higher bound is chosen to include the highest
observed QPO frequencies in the electromagnetic after-
glows of the giant flares, including the QPO at 2384 Hz
[5].
This study used data surrounding magnetar burst trig-
gers that occurred when both LIGO detectors were op-
erational with science quality data. The trigger times
and source objects were obtained from the InterPlan-
etary Network (IPN), using the IPN master burst list
[38]. Three magnetar bursts occurred while the LIGO
detectors were active and recording data during S6. The
first two bursts, numbered 2469 and 2471 on the burst
list, were from SGR 1806-20 (an SGR). The third burst,
numbered 2475, was from 1E 1841-045 (an AXP). The
sky positions and distances of these objects were provided
from the McGill Online Magnetar Catalog [27, 39].2 The
estimated distances to SGR 1806-20 and 1E 1841-045 are
8.7 kpc and 8.5 kpc respectively [27].
The detectors sometimes have decreased sensitivity
due to environmental noise or other factors. We use
identical data quality cuts to those used in the all-sky
long-transient search [35], removing time segments dur-
ing which identified instrumental or environmental noise
sources coupled to the GW strain signal as well as the
times when hardware injections were present. We re-
move 2.2% of LHO and LLO coincident data from S6 as
potential data to analyze [35]. STAMP also utilizes an
auto-power consistency cut between the detectors [40].
In addition, the sensitivity of a cross-correlation search
2 The McGill Online Magnetar Catalog is available available
online at http://www.physics.mcgill.ca/~pulsar/magnetar/
main.html [27] and in Ref. [39].
5could be affected by elevated noise in particular frequen-
cies. Frequencies that appear with an identified source in
the online notch list [41] were notched and removed from
the analysis. Additionally, a frequency near a 16 Hz har-
monic, frequencies adjacent to 60 Hz harmonics of power
lines, 372 Hz (identified as a 2 Hz harmonic), and a few
frequencies adjacent to pulsar injections [42] also had to
be notched. The 2 Hz and 16 Hz harmonics were be-
lieved to be due to the use of high-frequency (> 1 kHz)
dither signals causing LIGO’s digital-to-analog convert-
ers (DACs) to generate low frequency noise [43].
C. Background Estimation
In a search for GW signals triggered by an electromag-
netic counterpart, the significance of an event in the on-
source is determined by estimating the background noise
using off-source data, data from times before and after
the on-source window. To prevent mistaking a possible
signal from an unknown source as noise, the background
is estimated from data shifted to non-physical time de-
lays, times longer than the light crossing time of the de-
tectors.
One way to time shift to non-physical times is to pair
off-source windows from different times. This ensures
that any time delay is non-physical. This also allows
more detector pair data sets to be generated from less
data, as a single time segment from one detector can
be paired with multiple time segments from the other
detector. Using less data allows the time segments to be
focused closer to the on-source window.
We use 33 non-overlapping time segments from each
detector when both detectors are active and recording
data to generate 1000 time shifted off-source data seg-
ment pairs to estimate the background for each magnetar
burst. With 1000 segment pairs, the probability of noise
creating an SNR louder than the background in any of
the 3 magnetar bursts’ on-source windows is 0.3%, which
corresponds to a significance of nearly 3-sigma. The off-
source time-frequency window of each time segment has
the same time duration and frequency bandwidth as the
on-source window. The segments are 1640 s initially to
avoid artifacts and processed into 1602 s (1604 s due to
the overlapping pixels) tf-maps like the on-source win-
dow. The segments are taken from data as close to the
on-source window as possible.
The loudest cluster SNRs of the off-source time shifted
data segment pairs are combined into a background SNR
distribution. This is used to estimate the false alarm
probability (FAP) of the loudest cluster in the on-source
window of a trigger. The FAP of a cluster is estimated by
the ratio of clusters in the background with SNR greater
than or equal to that cluster’s SNR (N>) to the total
number of clusters in the background (NTotal):
FAP = N>/NTotal . (3.7)
To gauge the data quality of the noise background, the
background SNR distribution can be compared to sim-
ulated background SNR distributions (see FIG. 2). See
Ref. [44] for a thorough characterization of using simu-
lated data to estimate the background distribution. For
this study, we compare each background SNR distribu-
tion to 10 simulated SNR background distributions. Each
simulated background SNR distribution is generated us-
ing 1000 simulated segment pairs. Thirty-three sets of
simulated segments are generated for each detector and
used to construct the 1000 segment pairs. Simulated seg-
ments are made using Gaussian data weighted by the on-
source power spectral density for the associated detector.
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FIG. 2: The background SNR distribution for magnetar
burst 2471. The shaded grey areas mark the regions within
σ = 1, 2, 3 thresholds along the x-axis. The variance σ was
calculated for each false alarm probability using the SNRs
from 10 simulated SNR distributions.
D. Detection Efficiency
The mechanisms behind the magnetar bursts and their
coupling to GWs are uncertain. Models for magnetar
bursts and giant flares do not yet predict specific GW
waveforms related to QPOs. We therefore use electro-
magnetic QPO observations as a guide to create ad-hoc
GW waveforms for magnetar bursts. As actual QPOs
can vary in both frequency and amplitude, we simu-
late plausible long-duration, damped oscillation signals
following a sudden burst using a smoothly tapered half
sine-Gaussian (t > 0 in (3.8) and (3.9)) as a rough ap-
proximation. This half sine-Gaussian is used instead of a
full sine-Gaussian because it has a large initial amplitude
which damps over time.
The GW strain for the plus (h+) and cross (h×) po-
larizations of a sine-Gaussian with amplitude h0, central
frequency f0, characteristic time τ , polarization angle ψ,
6and inclination angle ι are given by
h+ =
h0√
2
e−t
2/τ2
((
1 + cos2 ι
)
2
cos (2pif0t) cos 2ψ
+ (cos ι) sin (2pif0t) sin 2ψ
)
, (3.8)
h× =
h0√
2
e−t
2/τ2
(
−
(
1 + cos2 ι
)
2
cos (2pif0t) sin 2ψ
+ (cos ι) sin (2pif0t) cos 2ψ
)
. (3.9)
The inclination factors of
(
1 + cos2 ι
)
/2 and (cos ι) come
from the mass quadrupole, the lowest order emission
mode of GWs. The inclination angle ι is the angle be-
tween the source sky location and the axis of rotation of
the quadrupole.
To estimate the search sensitivity, we add simulated
GW signals into data and apply the analysis method.3
Half sine-Gaussians are injected into 40 off-source seg-
ment pairs to estimate a 90% detection efficiency at
FAP = 10−3, found by recovering 90% of the waveforms.
A waveform is recovered if its SNR is greater than a
threshold SNR, in this case the loudest SNR from the
background distribution.4 The amplitude (h0) is varied
until at least 90% of the waveforms are recovered.
High frequency QPOs are thought to damp in less than
1 s [10, 19], so this sensitivity study focused on low fre-
quencies. The frequency of 150 Hz was chosen to cover
the most sensitive band of the detectors, and the fre-
quencies of 450 Hz and 750 Hz were chosen to cover the
lower-mid frequency range outside of the most sensitive
frequency band. Two values of the characteristic time
τ were chosen to cover both shorter and longer signals:
τ = 150 s and τ = 400 s. The length of injected wave-
forms are 3τ . The first and second halves of a 2 s Hann
window were applied to beginning and end of the simu-
lated signal respectively.
The inclination angle of the GW source will affect the
strain at the detector (see (3.8) and (3.9)). We focus
on the polarization this search method is most sensitive
to: circularly polarized waveforms (with inclination angle
ι = 0◦ and polarization angle ψ = 0◦).
3 In order to facilitate rapid calculation of the detection efficiency,
we employ a technique in which we find the stochtrack template
(or small set of templates) that best matches the injected signal
and use that to quickly calculate the SNR [15].
4 When finding injected waveforms, the pixels making up the loud-
est cluster in each segment pair from the background are set to
zero to avoid contamination from the loudest cluster.
IV. SEARCH SENSITIVITY
We estimated the search sensitivity using simulated
waveforms injected into the background data of magne-
tar burst events, increasing the amplitude until the wave-
forms were found with a 90% detection efficiency. The
results for circularly polarized signals (with ι = 0◦ and
ψ = 0◦) are summarized in TABLE I. The root sum
square strain (hrss) and the GW energy (EGW) of sim-
ulated signals were calculated as detailed in Appendix
A. The estimated source distances from the McGill On-
line Magnetar Catalog [27] were used to calculate the
GW energy. These results include the calibration error
(see Appendix B for details), which leads to a 15%–21%
increase in the GW strain of the recovered waveforms
(32%–46% increase in energy).
f0 τ hrss Distance EGW
Hz s Hz−1/2 kpc erg
SGR trigger 2469
150
400
1.7× 10−21
8.7
7.2× 1046
450 2.8× 10−21 1.8× 1048
750 3.5× 10−21 8.0× 1048
150
150
3.0× 10−21 2.3× 1047
450 4.3× 10−21 4.2× 1048
750 5.2× 10−21 1.8× 1049
SGR trigger 2471
150
400
2.5× 10−21
8.7
1.6× 1047
450 5.3× 10−21 6.5× 1048
750 6.4× 10−21 2.6× 1049
150
150
8.0× 10−21 1.7× 1048
450 1.3× 10−20 3.9× 1049
750 1.6× 10−20 1.6× 1050
SGR trigger 2475
150
400
1.3× 10−21
8.5
4.3× 1046
450 2.2× 10−21 1.1× 1048
750 3.3× 10−21 6.8× 1048
150
150
4.5× 10−21 5.0× 1047
450 5.0× 10−21 5.5× 1048
750 6.6× 10−21 2.7× 1049
TABLE I: Search sensitivity for 90% detection efficiency for
circularly polarized signals with ι = 0◦ and ψ = 0◦.
The best estimated search sensitivity was to a circu-
larly polarized half sine-Gaussian with central frequency
f0 = 150 Hz and characteristic time τ = 400 s. This
waveform was recovered with an energy EGW = 4.3 ×
1046 erg for magnetar burst 2475 from 1E 1841-045. For
bursts from SGR 1806-20, it was recovered for magne-
tar burst 2469 with an energy EGW = 7.2 × 1046 erg
and for magnetar burst 2471 with an energy of EGW =
1.6×1047 erg. As the duration of τ increases, this method
is sensitive to waveforms with lower hrss and EGW.
EGW can be compared to the estimated magne-
tar burst energies (EEM) from electromagnetic observa-
7tions.5 Electromagnetic energy estimates were available
for magnetar burst 2471 and 2475, but were unavailable
for magnetar burst 2469 and we have marked it as un-
known in TABLE II. Magnetar burst 2471 had an esti-
mated fluence of 7.88(±0.39) × 10−7 erg/cm2 in the 8–
1000 keV band and lasted ∼100 ms [46, 47]. Assuming
isotropic emission and using the estimated distance to
SGR 1806-20 of 8.7 kpc, this fluence estimate corresponds
to a burst energy of 7.14×1039 erg. Magnetar burst 2475
was the first detected burst from 1E 1841-045, with a
duration of 32 ms and an estimated energy in the 15–100
keV band of 7.2+0.4−0.6×1036 erg [48]. Using the best search
sensitivity for each burst and ignoring the uncertainties
on the EEM estimates, we get EGW/EEM < 2.1× 107 for
magnetar burst 2471 and EGW/EEM < 5.9×109 for mag-
netar burst 2475. These EGW/EEM ratios are very opti-
mistic, but with aLIGO’s increased sensitivity (as will be
discussed in Sec. V) we can probe more plausible energy
ratios for more energetic bursts and giant flares.
It should be noted that we are searching for signals
hundreds of seconds long and comparing to energies from
short bursts occurring in less than one second. In most
magnetar bursts, the majority of the electromagnetic en-
ergy is emitted in the initial burst (occurring in the first
second or less) and the energy is smaller in the tail (which
when present are order of tens to hundreds of seconds)
[7]. In some magnetar bursts, the energy in the tail is
comparable to or can exceed the initial burst (the en-
ergy in the tails of the 1979 and 1998 giant flares were
comparable to the initial bursts) [7].
Another astrophysical parameter EGW can be com-
pared to is the estimated magnetic field energy (E~B) of
magnetars. The energy in the magnetic field of mag-
netars is estimated to be of order 1047 erg if the mag-
netic field is on order of 1015 gauss. This estimate comes
from treating the interior magnetic field as a constant
1015 gauss field and integrating the calculated magnetic
field energy density by the volume of the star, approx-
imated with radius R ≈ 10 km. The energy fraction is
EGW/E~B < 0.43 for the best search sensitivity of this
study. This magnetic energy value could be thought of
as a lower limit as it is thought that the internal mag-
netic field may be stronger than the external field [25].
For an internal field of order 1016 gauss (thought to be a
plausible value [25]), E~B would be on order of 10
49 erg,
providing a much larger energy reservoir to power GW
emission. TABLE II summarizes EGW for the best search
sensitivity for each magnetar burst and their comparisons
to these astrophysical parameters.
5 The magnetar burst library at http://staff.fnwi.uva.nl/a.l.
watts/magnetar/mb.html was used to find the paper containing
the estimated electromagnetic energy for magnetar burst 2475
[45].
Magnetar Burst 2469 2471 2475
Magnetar SGR 1806-20 SGR 1806-20 1E 1841-045
EGW ( erg) < 7.2× 1046 < 1.6× 1047 < 4.3× 1046
EEM ( erg) Unknown 7.14× 1039 7.2+0.4−0.6 × 1036
EGW/EEM Unknown < 2.1× 107 < 5.9× 109
EGW/E~B15 < 0.68 < 1.5 < 0.43
TABLE II: Summary of estimated EGW for the best search
sensitivity for three magnetar bursts in S6 and comparisons
to possible energy sources. E~B15 is the energy of a 10
15 gauss
magnetic field and is approximated as 1047 erg.
V. FUTURE PROSPECTS
This search method can be applied on data for magne-
tar bursts and giant flares that occur while aLIGO [16]
is running. At design sensitivity [17], aLIGO is expected
to be ∼10 times as sensitive as initial LIGO, allowing it
to detect GWs with energies ∼100 times smaller. The
search sensitivity of this method estimated with LIGO
data from S6 can be extrapolated to aLIGO design sen-
sitivity, as shown in FIG. 3. This extrapolation sug-
gests that the strong magnetic fields of magnetars could
power detectable GWs at the distances of known magne-
tars (1.6–62.4 kpc [27]) if the GW energies are of similar
energies to the electromagnetic emissions.
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FIG. 3: Search sensitivity to half sine-Gaussian signal at fre-
quencies 150Hz, 450Hz, and 750Hz estimated at the time of
magnetar burst 2475 (dots). The triangles are an extrapola-
tion of these results to aLIGO design sensitivity. The diagonal
lines show the search sensitivity for a source at 8.5 kpc from
Earth as a function of frequency for three specific energies.
Using aLIGO data, this search method can probe below the
energy budgets of possible burst emission mechanisms. See
text for more information.
In FIG. 3, the hrss of the estimated search sensitivity
for waveforms with τ = 400 s are plotted, as are the hrss
8for the extrapolated aLIGO search sensitivities to these
waveforms. We also plot the amplitude spectral density
(ASD) for LHO and LLO from the on-source window of
magnetar burst 2471. The aLIGO design sensitivity [17]
ASD is also plotted. Diagonal lines are plotted for the
hrss (as calculated in Appendix A) for specific waveform
energies from a source at 8.5 kpc as a function of fre-
quency; the waveform energies are 1050 erg (the highest
energy budget for crust cracking [25]), 1049 erg (the en-
ergy budget for hydrodynamic deformation [25]), 1046 erg
(the same order of magnitude as the 2004 giant flare),
and 1044 erg (the order of magnitude of the other giant
flares).
We extrapolate aLIGO’s search sensitivity using the
ratio of the LHO and LLO ASDs in SGR trigger 2475’s
on-source window to aLIGO’s design sensitivity at the
central frequency of each waveform. This extrapola-
tion obtains waveform energies in the range of the ob-
served electromagnetic energies of magnetar bursts. The
narrow-band nature of the injected waveforms means
extrapolating to aLIGO is relatively simple, since, to
first order, the differences to the signal arise from the
noise amplitude rather than the spectral shape of the
detector response. At aLIGO design sensitivity, the es-
timated minimum detectable waveform energy for this
study of EGW = 4.3 × 1046 erg could have been EGW =
9.0×1044 erg. Additionally, there are multiple magnetars
with distances of order 2 kpc, and one as close as 1.6 kpc
[27]. If a burst from a magnetar 1.6 kpc away occurs dur-
ing aLIGO, the estimated minimum detectable waveform
energy could be EGW = ∼3.2× 1043 erg, the same order
of magnitude as some stronger intermediate bursts.
The estimated search sensitivity for aLIGO can be
compared with the electromagnetic energy radiated dur-
ing giant flares. If a giant flare with EEM ≈ 1044 erg
occurred, the ratio of GW energy to emitted electromag-
netic energy for the estimated search sensitivity of a mag-
netar at 1.6 kpc would be EGW/EEM < 3.2 × 10−1. For
an event such as the 2004 giant flare with EEM = ∼1.7×
1046(d/8.7 kpc)2 erg, where d is the distance to SGR
1806-20, this ratio would be EGW/EEM < 1.9 × 10−3.
These comparisons to estimated aLIGO search sensitivity
are summarized in TABLE III. With these energy ratios,
a GW with high EGW/EEM would either be detected or
ruled out.
Source Magnetar 1E 1841-045
EGW 4.3× 1046 erg
Estimated EGW for aLIGO 9.0× 1044 erg
EGW,aLIGO for 1.6 kpc 3.2× 1043 erg
EGW,aLIGO,1.6kpc/EEM (1044 erg) 3.2× 10−1
EGW,aLIGO,1.6kpc/EEM (2× 1046 erg) 1.9× 10−3
TABLE III: Summary of estimated EGW for the best search
sensitivity and equivalent EGW for aLIGO. Includes compar-
isons to electromagnetic energy levels of giant flares.
The sensitivity estimates of this search method can also
be compared to energy budgets of possible burst and gi-
ant flare emission mechanisms. As discussed in Sec. II,
hydrodynamic deformation could generate up to 1049 erg
[24, 25], and crust cracking could generate up to 1046 erg
in the case of a normal neutron star and 1049–1050 erg if
the star contains solid quark matter [25]. If these mecha-
nisms are responsible for magnetar bursts or giant flares,
they could provide sufficient energy for detectable GWs.
Detection of GWs related to magnetar bursts is an in-
teresting prospect. These sensitivity estimates suggest
running this search method on data from aLIGO could
probe significantly below the energy budgets of crust
cracking and hydrodynamic deformation (see FIG. 3),
providing sensitivity to GWs with energies comparable
to the electromagnetic energies of intermediate bursts
and giant flares. More detectors are expected to join the
global network of ground based GW detectors, includ-
ing Virgo [49], KAGRA [50], and LIGO-India [51], and
hence can improve the search sensitivity. It is straight-
forward to extend this search method for a network of
more than two detectors [33]. The results of a search
using this method could place constraints on the energy
released through mechanisms such as crust cracking and
hydrodynamic deformation, and constrain the possible
equations of state of magnetars, thereby increasing our
knowledge of the astrophysics of magnetars.
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Appendix A: Estimating hrss and EGW
The root sum square strain of a signal h is defined as
hrss =
√∫ ∞
−∞
|h|2 dt , (A1)
where |h|2 = |h+|2 + |h×|2. For the second half of a sine-
Gaussian waveform of the form in (3.8) and (3.9), hrss
9is:
hrss =
h0
4pi1/4
√
Q
f0
[((
1 + cos2 ι
)2
4
+ cos2 ι
)
+
((
1 + cos2 ι
)2
4
− cos2 ι
)
e−Q
2
]1/2
. (A2)
Here Q is the quality factor Q =
√
2piτf0. For high Q,
this is given by
hHQrss ≈
h0
4pi1/4
√
Q
f0
√√√√( (1 + cos2 ι)2
4
+ cos2 ι
)
. (A3)
The GW energy for a half sine-Gaussian is given by
EGW = h0
2r2Qf0
c3pi3/2
20G
[
1 +
1
2Q2
(
1 +
1
6
e−Q
2
)]
.
(A4)
For high Q, (A4) can be approximated as:
EHQGW ≈
c3pi3/2
20G
h0
2r2Qf0 . (A5)
For the hrss and EGW of a full sine-Gaussian waveform,
multiply (A2) and (A3) by
√
2 and multiply (A4) and
(A5) by 2. (A2), (A3), (A4) and (A5) are calculated in
detail in Appendix B of [15].
Appendix B: Calibration Error
The measured cross-correlated signal h0m 1h0m 2 has
uncertainties due to calibration error. The detector dif-
ferential arm lengths are measured in voltage counts.
Measurements must be made on different systems within
the detector to measure the conversion from these voltage
counts to actual strain values. The conversion function is
known as the calibration. Errors in the calibration prop-
agate into error in the measured value of the strain. The
calibration errors can be grouped into an overall scaling
error A, a frequency dependent amplitude error, a fre-
quency dependent phase error δ and a timing error [52].
The timing error is effectively a linear frequency depen-
dent phase error.
The effect of the calibration error on the measured
strain value can be estimated with two extremes. The
first extreme would be the most sensitive to a potential
signal (the scaling error is δA−, the phase errors of each
detector cancel out and the timing error is zero):
h0 1h0 2
h0m 1h0m 2
= A1A2
×
(
1−
√
δA−12 + δA−22 + |∆h1(t)|2 + |∆h2(t)|2
)
.
(B1)
In the other extreme, the calibration error leads to an
underestimation of the strength of a potential signal (the
scaling error is δA+, the phase error of the detectors
would be of the same sign with maximum timing error):
h0 1h0 2
h0m 1h0m 2
= A1A2
×
1 +
√
δA+12 + δA+22 + |∆h1(t)|2 + |∆h2(t)|2
cos (2pif45µs + δ1(t) + δ2(t))
.
(B2)
For detailed derivations of (B1) and (B2) and specific
numbers on the different calibration errors, see Appendix
C of Ref. [15]. The calibration of S6 is discussed in detail
in Ref. [52]. In order to find a conservative search sen-
sitivity, the calibration error in (B2) was assumed. To
account for the calibration error, EGW was multiplied by
the ratio in (B2). Similarly, hrss was multiplied by the
square root of this ratio.
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